Background: Epigenetic modifications, such as cytosine methylation in CpG-rich regions, regulate multiple functions in mammalian development. Maternal nutrients affecting one-carbon metabolism during gestation can exert long-term effects on the health of the progeny. Using C57BL/6 J mice, we investigated whether the amount of ingested maternal folic acid (FA) during gestation impacted DNA methylation in the offspring's cerebral hemispheres. Reduced representation bisulfite sequencing at single-base resolution was performed to analyze genome-wide DNA methylation profiles. Results: We identified widespread differences in the methylation patterns of CpG and non-CpG sites of key developmental genes, including imprinted and candidate autism susceptibility genes (P <0.05). Such differential methylation of the CpG and non-CpG sites may use different mechanisms to alter gene expressions. Quantitative real time reverse transcription-polymerase chain reaction confirmed altered expression of several genes.
Background
The folate cycle, in conjunction with one-carbon metabolism, facilitates nucleic acid synthesis and is responsible for the transfer of 1-carbon methyl groups to DNA and proteins. Methyl groups added onto cytosine residues in promoter region CpGs in genomic DNA are central to the regulation of gene expression [1, 2] . The role of folic acid (FA) in preventing neurodevelopmental disorders and birth defects has long been recognized, and as such, its use during pregnancy is strongly emphasized [3] [4] [5] . Dietary FA supplementation is credited with a greater than 70% reduction in the incidence of neural tube defects (NTDs) in the US [6] . There has been speculation that FA supplementation may be associated with certain aberrant conditions in children [7] [8] [9] , and a clear understanding of this purported association is essential in view of the presence of significant amounts of synthetic FA in our diets. Earlier, we reported that exposure of lymphoblastoid cells to FA supplementation causes widespread changes in gene expression [10] . We suggested that the occurrence of such epigenetic changes during gestational development may impact the methylation status of DNA in the offspring's brain and cause altered gene expression. Because gestational development involves a highly orchestrated regulation of gene expression, such gene dysregulation may affect the development of the brain and may culminate in neuropsychiatric conditions. This could be a contributing factor to the increasing prevalence in recent years.
To test the hypothesis that excess FA supplementation could alter the methylation in the brains of offspring, 1 week prior to mating, a group of C57BL/6 J female mice were fed a custom AIN-93G amino acid-based diet (Research Diet, Inc., New Brunswick, NJ, USA), with FA at 0.4 mg/kg (low maternal folic acid, or LMFA) or 4 mg/kg (high maternal folic acid, or HMFA). FA at the 4 mg/kg level is above the range currently included in mice chow, whereas the 0.4 mg/kg level of FA has been found to be necessary for a normal healthy litter size [11] . FA at the 4 mg/kg level in mice roughly corresponds to the 4 mg/day dose in humans, which is the level of FA supplementation (4 mg/day) prescribed to women with a history of NTD pregnancy. We used an amino acid-based diet to precisely control the amount of FA in the diet. To understand the dynamics of DNA methylation, genomic DNA from the cerebral hemispheres of the offspring was isolated at postnatal day 1 segregated by gender, and high-resolution, single-base DNA methylation profiling was performed by using next-generation Illumina (Illumina Inc., San Diego, CA, USA) sequencing (details in the Methods section).
Results
Global DNA methylation patterns of the offspring's cerebral hemispheres from high maternal folic acid
The final DNA methylation map presented in this study represents the summary of three biological replicates [12, 13] , with each mouse collected from an independent litter. On average, the sequence depths of unique CpG sites in our study were 4,647,138 (11 times) for male and 4,410,480 (14 times) for female DNA samples (Additional file 1: Table S1 ), and about 90% of the CpG islands were covered. To investigate the differentially methylated regions (DMRs), sequence alignment and Fisher's exact test or t test were performed for each CpG site that had at least five reads covered. Results of global methylation comparison revealed that approximately 16% of the CpG sites were differentially methylated in both male and female pups from HMFA (n = 43,010 for male, n = 57,602 for female). The majority of the CpG island-associated DMRs were either intergenic or in introns, whereas 18% to 19% were in exons, and approximately 7% were in promoter regions (Figure 1a, b ). Several genes involved in neural functioning, brain development, and synaptic plasticity were differentially methylated (P <0.05) in the CpG sites of the offspring from HMFA (Tables 1, 2, 3 and 4,  Additional file 2: Table S2, Additional file 3: Table S3 , Additional file 4: Table S5 , and Additional file 5: Table S6 ). The results of high-resolution global DNA methylation profiling indicated that maternal FA induces significant changes in the overall methylation patterns in the brains of the offspring. The correlations of the distribution of methylation ratios in male and female pups for the corresponding sites in LMFA and HMFA are shown in Additional file 6: Figures S1-S6, and the distributions of the overlapped sites between LMFA and HMFA male with that of LMFA and HMFA female differential methylation sites (P <0.05) are shown as a hexbin plot in Additional file 7: Figures S7-S9.
Maternal folic acid alters DNA methylation status in the promoters at CpG Islands
In this study, we found that HMFA throughout gestation resulted in hypermethylation (P <0.01) at CpG sites of the promoter region of several genes, including Ada, Bag5, and Trap1 in male offspring (Table 1) , leading to downregulation of the expression of Ada and Bag5 and no such alterations in expression level of Trap1 (Figure 2a ). In female pups, HMFA also resulted in hypermethylation at CpG sites in the promoter region of the genes Dio3, Polg2, Rnf111, and Ube2s, including several other genes ( Table 1 ). Quantitative real time reverse transcriptionpolymerase chain reaction (qRT-PCR) analysis revealed that the expression of Dio3 was significantly downregulated and that, in contrast, the expression of Polg2, Rnf111, and Ube2s remained unchanged in female pups from HMFA compared with that of LMFA ( Figure 2b ). To further reveal the impact of maternal FA, we assessed whether HMFA resulting in hypomethylation in the promoter regions of CpG islands altered the expression levels of those genes as well. We tested the expression of several genes in male (Pcnxl3, Hmgb21l, and Ror2) and female (Mrps12, Ceacam2, and Mtap4) pups (Table 1, Figure 2c , d). In male pups from HMFA, the expressions of Ror2 and Mrps12 were significantly downregulated, and in female pups, the expression of Mtap4 was significantly upregulated in comparison with LMFA. Interestingly, although the methylation level of Mrps12 did not show any significant change in male pups from HMFA, the expression was significantly downregulated. In contrast, the expression of Mrps12 in female pups from HMFA showed no difference in expression level, although significant methylation changes were observed. However, the expression analysis of several other genes-Pcnxl3, Hmgb21l, Mtap4, and Ceacam2has shown no significant changes in both the genders from HMFA. The results of our findings suggest that maternal FA modulates the methylation pattern of the offspring genome, and considering the role of maternal nutrition in early neural development, such changes in methylation patterns in promoter CpG sites due to HMFA may have long-term influences on neuronal organization and ultimately on behavioral phenotypes.
Maternal folic acid alters DNA methylation status in the promoters at non-CpG sites
To extend our findings, we then analyzed whether gestational FA modulates the methylation pattern of non-CpG sites. In this study, we obtained 89% coverage in non-CpG sites (both CHH and CHG context, where H = A, C, or T). The overall distribution of methylation level in the non-CpG sites is shown in Additional file 8: Figures S10 and 11. We identified approximately 1,000 differentially methylated (both hyper-and hypo-methylation) sites (P <0.05) in both CHH and CHG contexts in the offspring genome from the HMFA group (Additional file 2: Table  S2 , Additional file 3: Table S3 , Additional file 9: Table S4 , Additional file 4: Table S5 , and Additional file 5: Table S6 ). For example, zinc finger proteins Zfp608 and ephrin receptor Epha6 in male offspring and Zfp719, Zfp804b, Zfp128 and calcium channel Cacna1g in female offspring are a few of the many genes that were hypermethylated (P <0.05) in the non-CpG promoter sites (Additional file 9: Table S4 ). Furthermore, we tested expression levels of several genes (Ghr, Slc5a1, and 4732418C07Rik) in male pups and (Tshz3 and Trim7) in female pups with Quantitative real time reverse transcription-polymerase chain reaction (qRT-PCR). The results showed that the expression of EF-hand calcium-binding domain 14 (4732418c07Rik) remain unchanged; in contrast, the expression of sodium-dependent glucose transporter (Slc5a1), which exhibited hypermethylation in CHG sites, and growth hormone receptor (Ghr) [14] , which exhibited hypermethylation at both CHG and CHH sites in the promoter region, were downregulated in male offspring from HMFA (Figure 2a , Additional file 9: Table S4 ). A representative figure depicting the methylation status of a non-CpG (CHG) hypermethylation at Slc5a1 promoter of male offspring from the data uploaded in the UCSC Genome Browser is shown in Additional file 10: Figure S12 .
Maternal folic acid alters DNA methylation pattern in the gene body
An interesting aspect of our data is the pattern of methylation in both CpG and non-CpG sites in gene bodies.
The majority of the non-CpG associated DMRs were either intergenic or in introns, whereas 10% to 11% were in exons, and approximately 16% to 21% were in promoter regions in both male and female pups from HMFA (Figure 3a , b). The overall distribution of methylation level in exons is shown in Additional file 11: Figure  S13 and S14. Several candidate autism susceptibility genes [15] were hypermethylated (P <0.05) in the HMFA, including Shank3, Cacana1g, Gtf2i, Rapgef4, and Nbea in male offspring and Ext1, Ube3a, Erbb4, Grip1, Grm8, Reeln, Shank3, and Rbfox1 in female offspring (Additional file 2: Table S2 and Additional file 3: Table S3 ). In contrast, several candidate autism susceptibility genes were also hypomethylated; for example, Disc1, which is known to play a pivotal role in cortical development, and Scn8a, which modulates membrane depolarization, were hypomethylated in the gene body in both male and female offspring (P <0.05) in the HMFA group (Additional file 4: Table S5 and Additional file 5: Table S6 ). It is interesting to note that autism susceptibility candidate 2 (Auts2) gene exhibited both hyper-and hypo-methylation in the gene bodies of male and female pups from HMFA. Further analysis of methylation profile also revealed hypermethylation in imprinted genes in male (Slc22a3 and Ano1) and in female (Gab1, Calcr, Dio3, and Slc38a4) offspring (P <0.05) (Additional file 2: Table S2 and Additional file 3: Table  S3 ). On the other hand, imprinted genes Peg12 and Slc22a18 in female offspring and cadherin-associated protein Ctnna3 in both male and female offspring from the HMFA group were hypomethylated (Additional file 4: Table S5 and Additional file 5: Table S6 ). To verify changes in the expression levels, we tested the mRNA expression of several genes by qRT-PCR. Genes in male pups (Auts2, Mthfd1l, Mtnr1b, Nfix, Otoa, Runx1, Shank3, Slc22a3, and Wif1) and in female pups (Auts2, Gab1, Lats2, Runx1, Wif1, Mthfd1, Shank3, and Slc25a13) were analyzed. The results revealed that the expressions of Auts2, Nfix, Otoa, Runx1, Shank3, and Slc22a3 were significantly downregulated; in contrast, the expression of Mthfd1l, Mtnr1b, and Wif1 did not exhibit significant changes as a result of HMFA in comparison with LMFA in male pups (Figure 2a ). In female pups from the HMFA group, the expression of Auts2, Gab1, Lats2, Runx1, Wif1, and Mthfd1 did not exhibit significant changes; in contrast, the expressions of Shank3 and Slc25a13 were significantly downregulated ( Figure 2b ). We further analyzed the expression of several genes which exhibited hypomethyaltion in the gene body of several genes (Cd47, Disc1, Dnm3, Evl, Sn8a, and Homer2) in both male and female pups from HMFA in comparison with LMFA ( Figure 2c, d) . The result of gene Maternal folic acid modulates sex-specific alterations in global DNA methylation in the offspring's cerebral hemispheres
We further investigated the impact of maternal FA during gestation on epigenetic alterations throughout the genome in a sex-specific manner. Comparison between male and female pups' cerebral hemispheres from mothers fed an LMFA or HMFA revealed significant sexual dimorphism for global DNA methylation. Approximately 21% of the CpG sites were differentially methylated between males and females from both LMFA (n = 55,640) and HMFA (n = 45,634). The distributions of CpG-island and non-CpG island associated methylations between male and female are shown in Additional file 12: Figure S15 and Additional file 13: Figure S16a ,b. The majority of the DMRs in CpG or non-CpG island between males and females from LMFA and HMFA were in intergenic or in introns, whereas 9% to 20% in exons and 10% to 21% were in promoter regions. Further analysis of the data revealed striking sexual dimorphism in methylation patterns of numerous genes as a result of both LMFA and HMFA (Additional file 14: Table S7 , Additional file 15: Table  S8 , Additional file 16: Table S9 , and Additional file 17: Table S10 ). The correlation of the distribution of methylation ratios between male and female pups for the corresponding sites in LMFA and HMFA is shown in Additional file 18: Figure S17a ,b,c and Additional file 19: Figure S18a ,b,c, and the hexbin plot (Additional file 20: Figure S19a ,b,c) shows the distribution of the overlapped sites between genders of LMFA and HMFA from total significant (P <0.05) differential methylation sites. To evaluate whether the expressions of the tested genes in this study were biased by gender, we analyzed the expression of several genes between male and female pups from LMFA and HMFA, which exhibited changes in methylation profile. First we compared the expression of genes Trap1, Runx1, Scn8a, and Cd47 (hypermethylated) and Auts2 and Rnf111 (hypomethylated) in female pups from LMFA in comparison with LMFA from male pups (Additional file 21: Figure S20a ). The results show that the expressions of Trap1 and Cd47 were significantly downregulated and the expression of Runx1 was upregulated, whereas the expressions of Scn8a, Auts2, and Rnf111 remained unchanged. Similarly, we compared the expression of genes Dio3, Trim7, Shank3, Slc25a13, Auts2, Disc1, and Dnm3 (hypermethylated) and Bag5, Ghr, Ror2, and Runx1 (hypomethylated) in female pups from HMFA in comparison with HMFA from male pups (Additional file 21: Figure  S20b ). The results show that the expressions of Dio3, Trim7, Shank3, Slc25a13, Auts2, Disc1, Ror2, and Runx1 were upregulated, whereas the expressions of Bag5 and Ghr were downregulated and the expression of Dnm3 remained unchanged. These results show that expressions of several genes are biased between male and female pups both in the basal level (LMFA) and as a result of HMFA. Moreover, to control and maintain the sexual-dimor phism hypothesis, we further analyzed the expression of several tested genes, which exhibited sexual dimorphism in methylation profile. For example, genes which exhibited changes in methylation level in male pups as a results of HMFA are tested in female pups (no changes in methylation profile); similarly, genes which exhibited changes in methylation level in female pups as a result of HMFA are tested in male pups (no change in methylation profile). The expression analysis of genes Dio3, Polg2, Rnf111, Ube2s, Thsz3, Trim7, Gab1, Lats2, and Slc25a13 (hypermethylated, in female pups) and Mrps12, Mtap4, and Ceacam2 (hypomethylated in female pups) were tested in male pups from HMFA in comparison with male pups from LMFA (Additional file 22: Figure  S21a ). The expression of Rnf111 was upregulated and the expression of Mrps12 (Figure 2c ) was downregulated, whereas other tested genes did not exhibit any significant changes in male pups. It is interesting to note that the expressions of Dio3 and Slc25a13 were significantly downregulated and the expressions of Thsz3 and Mtap4 were significantly upregulated in female pups from HMFA in comparison with LMFA (Figure 2b, d) . Similarly, we tested the expression of several genes in female pups from HMFA which exhibited no changes in methylation compared with female pups from LMFA. For example, the expressions of genes Ada, Bag5, Trap1, Ghr, 4732418 C07Rik, Mthfd1l, Nfix, Otoa, and Slc22a3 (hypermethylated in male pups) and Pcnxl3, Hmgb2l1, and Ror2 (hypomethyalted, in male pups) were tested. The results showed (Additional file 22: Figure S21b ) that the expression of Ada, Bag5, and Slc22a3 were unchanged in female pups from HMFA in comparison with LMFA. In contrast, the expressions of Ghr and Nfix were upregulated in female pups from HMFA. It is interesting to note that the expression of Otoa is downregulated whereas the expressions of Trap1, 4732418C07Rik, Mthfd1l, Pcnxl3, Hmgb2l1, and Ror2 remained unchanged in both male and female pups as results of HMFA. These results show that the expressions of several tested genes are sexually biased as a result of HMFA. Additionally, we have evaluated that the methylation patterns were affected in cis-alteration in CpG and CHG contexts in both males and females (Additional file 23: Table S11 ).
Discussion
In a fertilized egg, global DNA demethylation followed by remethylation occurs to reprogram the maternal and paternal genomes for efficient regulation of gene expression. Certain genes are turned on and off at particular time intervals, and any disruption of such highly orchestrated methylation regulation may impact gene expression.
The fetal epigenome is most vulnerable during this period of development to epigenetic modifiers in the maternal microenvironment. Because lifestyle and the level of nutrition available during gestation play an important role in the offsprings' gene regulation, maternal FA consumed could dictate the establishment of epigenetic patterns of the offspring. In this study, we found that HMFA during gestation resulted in substantial changes in the methylation profile of the offspring's cerebral hemispheres. Over the years, numerous studies have implicated several candidate autism susceptibility genes with a logical focus on the affected child. However, a consistent picture of specific susceptibility loci has thus far met with limited success [16] [17] [18] . In humans, FA during gestation has been shown to prevent autism or NTDs [19] [20] [21] . Intriguingly, our results showed hypermethylation but no hypomethylation in the promoter region of candidate autistic and imprinted genes in the offspring from the HMFA group. In this study, we found that HMFA resulted in hypermethylation (P <0.01) at the CpG sites of the promoter region of Ada in male offspring. It is noteworthy that previous evidence had suggested decreased Ada activity in autistic subjects [22] [23] [24] and in a severe combined immune deficiency syndrome [25, 26] . Thus, such changes in methylation patterns in promoter CpG sites due to HMFA may have longterm influences on neuronal organization and behavioral Results represent mean ± standard deviation (SD); asterisks denote statistically significant change (*P <0.05, **P <0.01, ***P <0.001).
phenotypes. In addition, epigenetic modifications of the imprinted genes such as Dio3 can result in clinically significant phenotypes. It will be of interest to examine the impact of the dose and duration of maternal FA and the consequences of these epigenetic effects. Similar to hypermethylation, we observe hypomethylation in promoter regions of CpG sites in both male and female pups from HMFA in comparison with LMFA. The expression of Ror2 (hypomethylated in male pups) which plays a role during neurogenesis of the developing neocortex [27] was significantly downregulated in male pups, but no such changes were observed in female pups. Moreover, the expression of Mtap4 (hypomethylated in female pups) that has been shown to play a role in the central nervous system and regulation of the microtubule-dependent transport [28] was upregulated significantly in female pups from HMFA in comparison with LMFA, but the expression in male pups did not exhibit such significant changes. Intriguingly, the expression of Mrsps12 that exhibited hypomethylation in female pups from HMFA remained unchanged in comparison with LMFA. In contrast, the expression of Mrps12 in male pups was significantly downregulated in HMFA in comparison with LMFA, although no such changes in methylation pattern were observed. Of note, Mrps12 is a major component of the ribosomal accuracy center and has been shown to play a role in sensorineural deafness [29] .
Recently, the methylation of non-CpG regions and its role in transcriptional repression have received greater attention [30, 31] , and single-base resolution maps of the human genome have revealed a substantial presence of methylated cytosine residues in non-CpG contexts [32] . In this study, we found substantial differential methylation in non-CpG regions in gene promoters from newborns of HMFA and confirmed the variations in the expression of several genes. Notably, studies using the brain tissue from an Alzheimer disease model [33] , fetal brain [34, 35] , adult tissues [36, 37] , and early embryo [38] have shown that methylation in both CpG islands and non-CpG regions correlates with the expression of several genes. Thus, variation of methylation in the non-CpG regions as a result of HMFA may modulate epigenetic-mediated transcriptional repression, although a direct causal connection cannot be established with our data. Further analysis of the methylation profile has shown substantial differential methylation in the gene body of the offspring DNA. This finding builds on growing evidence that maternal adversity during gestation induces unbiased epigenetic changes in offspring genome. Although aberrant methylation in gene promoter regions is known to be linked with altered gene expression, the effect of hypermethylation in the gene body is unclear and inconclusive [39] . Significant evidence indicates that gene body methylation is a general feature of highly expressed genes in human cell lines [40] [41] [42] . In contrast, a recent study in a mouse model has revealed that differential gene body methylation generally resulted in downregulation of gene expression [43] . We found both up-and downregulation in the expression of transcripts that exhibited hypermethylation in the gene body of the offspring from HMFA. Our study suggests that the relationship between gene body methylation and transcriptional level may be more complicated than previously thought and, perhaps, underappreciated. Intriguingly the mRNA expression of Shank3 was significantly downregulated in both male and female pups; in contrast, the expression of Auts2 is downregulated in male pups but not in female pups. The genes Auts2 and Shank3 are associated with autism spectrum disorders and other neurological diseases [44, 45] , and in this study both of the genes exhibited an alteration in methylation pattern in the gene body.
Our findings showed several distinct DMRs to be acting in a sexually dimorphic manner, similar to a recent study on imprinted genes in the placenta [46] . The relevance of epigenetic mechanisms in developing several complex diseases is sex-biased, and numerous studies have shown that during the developing windows of life the environmental factors, including nutrition during prenatal and postnatal life, influence epigenetic modulation in a sex-related manner [47] [48] [49] [50] . Several studies in humans have further shown that various late-onset diseases are sex-biased and are highly related to maternal diet and body condition during pregnancy [51] [52] [53] . In this study, in the mouse model, we found that the expressions of several genes as a result of HMFA are highly biased in expression depending upon the gender. Furthermore, analysis of the methylation profile and gene expression between LMFA of male and female pups and between HMFA of male and female pups reveals striking sexual dimorphism. One possibility of such sexual dimorphism is the alterations in the uterine environment because of changes in FA level, and the methylation of imprinted genes may fine-tune selective events specific to one sex during developmental programming. Thus, the results of our study further highlight the relevance of studying both sexes in experimental models of maternal diet and may provide critical insight regarding the influence of FA in programming sex-biased methylation pattern.
It is paradoxical that the methylation profile of our findings shows a substantial hypomethylation to be present in the offspring DNA, even after supplementing HMFA. This finding indicates that the amount of gestational extracellular FA or cofactor required for the synthesis of Sadenosylmethionine probably can induce the site-and gene-specific nature of the methylation level in the offspring DNA, and probably the DNA methylation status is also dependent upon methylenetetrahydrofolate reductase (MTHFR) activity and not only on the folate status alone [54, 55] . Moreover, because DNA methylation is a distinguishing feature that varies between cell types, specifically various neuronal populations, the variation in methylation (hypo/hyper) profile of our sample may be due to the cellular heterogeneity of the cerebral hemisphere [56] [57] [58] .
Methods

Mice strain and feeding
Mice in this study were handled according to the protocol reviewed and approved by the Institute for Basic Research Institutional Animal Care and Use Committee. Adult, 8-to 10-week-old C57BL/6 J mice were used in all the experiments. Throughout the experimental procedure, controlled temperature and a fixed lighting schedule were maintained in the room. Given that most current commercial mice chow already contains quite high amounts of FA (2-3 mg/kg diet) and thus is unsuitable for the current studies, we developed a custom diet for this study. One week prior to mating, female mice were fed with a custom AIN-93G amino acid-based diet (Research Diet, Inc.), having FA at 0.4 mg/kg (n = 8-12), while the test group received FA at 4 mg/kg (n = 8-12). The diet was continued throughout the entire period of gestation.
Tissue collection and DNA extraction
At postnatal day 1, six pups (n = 6, segregated by gender), all from different dams, in each diet group were sacrificed. Cerebral hemisphere tissues were pooled (n = 3/gender) for the 0.4 mg group: three male pups (each from an independent dam) and three female pups (each from an independent dam), for a total of six pups (n = 6). Tissues from six pups (n = 6, segregated by gender) from the 4 mg group were similarly processed. DNA was extracted from pooled cerebral hemispheres (n = 3/gender per group) with the Epicentre MasterPure DNA purification kit (Epicentre Biotechnologies, Madison, WI, USA) in accordance with the protocol of the manufacturer. After re-suspension in TE buffer, the DNA concentration was measured by using NanoDrop ND-1000 (Thermo Scientific, Wilmington, DE, USA).
Library construction
To perform a genome-wide DNA methylation analysis, libraries were prepared from 200 to 500 ng of genomic DNA digested sequentially with 60 units of TaqI and 30 units of MspI (New England Biolabs, Ipswich, MA, USA). The resulting size-selected TaqI-MspI fragments (40-120 bp and 120-350 bp) were filled in, and 3′terminal-A extended, extracted with DNA Clean & Concentrator™ kit (Zymo Research, Irvine, CA, USA). Ligation of selected fragments to pre-annealed adapters containing 5′-methyl-cytosine instead of cytosine was performed by using the Illumina DNA preparation kit in accordance with the protocol of the manufacturer (Illumina Inc., San Diego, CA, USA). Purified, adaptor-ligated fragments were then bisulphite-treated by using the EZ DNA Methylation-Direct™ Kit (Zymo Research). Preparativescale PCR was performed with the resulting fragments followed by purification of PCR products with DNA Clean & Concentrator™ (Zymo Research). Final size selection of the purified PCR products was performed by using 4% NuSieve 3:1 agarose gel. SYBR-green-stained gel slices of adapter-ligated fragments (130-210 bp or 210-460 bp in size) were excised, and library material was recovered by using the Zymoclean™ Gel DNA Recovery Kit (Zymo Research). Sequencing was performed on an Illumina HiSeq genome analyzer.
Sequence alignments and data analysis
Using standard base-calling software, sequence reads from bisulfite-treated EpiQuest libraries were identified. Further analysis was performed by using a Zymo Research proprietary analysis pipeline. First, residual cytosines (Cs) in each read were converted to thymines (Ts), with each conversion noted for subsequent analysis. From the 50-bp ends of each computationally predicted MspI-TaqI fragment (40-to 350-bp size range), a reference sequence database was constructed. All Cs in each fragment end were then converted to Ts; only the C-poor strands are sequenced in the RRBS (reduced representation bisulfite sequencing) process. Then, using Bowtie software (http://bowtie-bio.sourceforge.net/index.shtml), the converted reads were aligned to the converted reference. The number of mismatches in the induced alignment was then counted between the unconverted read and reference, ignoring cases in which a T in the unconverted read was matched to a C in the unconverted reference. For a given read, the best alignment was kept if the second-best alignment had two more mismatches; otherwise, the read was discarded as non-unique. The methylation level of each sampled C was estimated as the number of reads reporting a C, divided by the total number of reads reporting a C or T. For each CpG site, Fisher's exact test or t test was performed, which covered at least five reads. Also, promoter, gene body, and CpG island annotations were added for each CpG. The software pipeline is implemented in Python. All the procedures above were carried out in the Zymo Epigentic Core Services (Zymo Research).
RNA preparation and quantitative real time reverse transcription-polymerase chain reaction analysis
At postnatal day 1, six pups (n = 6, segregated by gender) from different dams in each diet group were sacrificed. Cerebral hemisphere tissues were pooled (n = 3/gender) for the 0.4 mg group: three male pups (each from an independent dam) and three female pups (each from an independent dam), for a total of six pups (n = 6). Tissues from six pups (n = 6) from the 4 mg group were similarly processed. Considering the degree of inter-variability, RNA extractions were repeated from a different batch (pooled samples, n = 3 for each group/gender, with each mouse from a different dam). Total RNA was extracted by lysing the cells with Trizol reagent (Invitrogen Life Technologies, Inc., Carlsbad, CA, USA). Further purification of RNA was carried out using RNeasy kit (Qiagen, Valencia, CA, USA) in accordance with the instructions of the manufacturer. On-column DNase digestion for each sample was performed to remove any DNA contamination. The quality of RNA was assessed by measuring the absorbance ratio at 260/280 nm by using NanoDrop ND-1000 (Thermo Scientific). The integrity of RNA was further assessed by formaldehyde-gel electrophoresis. Quantitative real time reverse transcription-polymerase chain reaction amplifications were performed with either One-Step iScript kit (Bio-Rad, Hercules, CA, USA) or Two-step kit in which the first-strand cDNA from each sample was synthesized from 1 μg total RNA by using the First-Strand cDNA Synthesis kit (Affymetrix, Santa Clara, CA, USA) in accordance with the protocol of the manufacturer. qRT-PCR was performed by using the Mastercycler ep Realplex system (Eppendorf AG, Hamburg, Germany) in combination with the RT 2 SYBRGreen PCR Master Mix (Qiagen). Each reaction was run in duplicate and repeated at least two times each from different batches of RNA (pooled n = 3 per batch/gender). Hprt1 was used as endogenous control for amplification. Relative gene expression was calculated by using the Pfaffl method [59] . Primers used for qRT-PCR are listed in Additional file 24: Table S12 . Statistical analysis was done by using Prism Software (GraphPad, San Diego, CA, USA). Values are presented as means ± standard deviation, and numerical results are presented considering P <0.05 as significant.
Conclusions
In summary, we have identified substantial DMRs in the cerebral hemispheres of the offspring, revealing that the HMFA diet causes epigenetic modifications. A key finding of this study is the presence of DMRs in non-CpG regions, along with CpG sites at single-base resolution, as a result of HMFA. Because numerous studies have shown that abnormalities in the frontal lobes impact brain development and autism [60, 61] , our study's findings could provide a completely novel insight into the etiology of complex developmental disorders and foster the development of corrective strategies. However, we do not rule out the limitation of our study that the methylation and gene expression do not necessarily indicate change in function, and thus further studies are required in a larger number of samples to verify the functional outcome and phenotypes.
